Review of Jeong and Xu
The influential "two-streams hypothesis" of visual processing proposes that features related to object recognition are primarily encoded in the visual ventral-temporal stream (the "what" pathway), while spatial relationships among objects are primarily encoded in the dorsal-parietal stream (the "where" pathway; Ungerleider and Mishkin, 1982; Goodale and Milner, 1992) . Consistent with this proposal is evidence that, in both humans and monkeys, neural activity in the ventral stream contains information about visual object identity and category (Kriegeskorte et al., 2008; Bell et al., 2009 ) without being modulated by image properties such as object position, viewing angle, size, or context (Li et al., 2009; Rust and DiCarlo, 2010; Anzellotti et al., 2014) . However, other evidence suggests that simple visual features (e.g., motion direction) required to categorize stimuli are also represented in dorsal regions (Toth and Assad, 2002; Freedman and Assad, 2006) . The hypothesis that two functionally independent streams process visual information has been challenged and revisited (Milner and Goodale, 2008) , and we still do not know with confidence whether category and identity information are present exclusively in one visual stream and not in the other. In a recent article in The Journal of Neuroscience, Jeong and Xu (2016) raised further questions about the two-streams hypothesis by reporting that abstract identity information for complex stimuli is represented in the dorsal stream.
Jeong and Xu (2016) used functional magnetic resonance imaging (fMRI) to track response patterns elicited in ventral and dorsal regions during object identification. Human participants viewed the names and faces of two famous actors (experiment 1), and the names and images of two well known car models (experiment 2). Experiment 3 extended experiment 1 by presenting the faces of eight famous actors. Stimuli were presented in blocks, and each block contained a set of 10 unique images of a single actor or car model. Two stimulus sets per identity were used in total. Faces differed in viewpoint, hairstyle, expression, and age, while car images differed in viewpoint, size, and background scene. Participants were asked to detect the presence of an oddball stimulus that appeared infrequently and was an actor/car with an identity other than the frequently presented identity of the block. The oddball-detection task, thus, required recognition of the identity of the presented face/car in images that varied in appearance. The authors used multivoxel pattern analysis to compare the response patterns elicited by two sets of the same identity ("within identity") with that elicited by two sets of different identities ("between identity"). A region showing higher correlation for objects varying in appearance but matching in identity, compared with objects varying in both appearance and identity, could be interpreted as representing abstract object identity.
In all three experiments, superior intraparietal sulcus (IPS), in the dorsal stream, was the only region to show significantly higher within-identity than between-identity correlation, for both faces and cars [Jeong and Xu (2016), their Figs. 2, 3, 4B] . Intriguingly, this was not true of any of the ventral regions examined [lateral occipital (LO), fusiform face area (FFA), parahippocampal place area (PPA), visual word-form area (VWFA)]. The authors used representational similarity analysis (Kriegeskorte et al., 2008) , a mathematical technique used to relate neural representational structure to behavior and/or computational models, to compare the similarity among neural representations of faces to the similarity among perceptual judgments of face identity. The former was measured as the correlation between response patterns to each identity pair in each region, and the latter as the reaction time to detect one identity among distractors of another identity (such that the greater the similarity, the slower the reaction time). A correlation between the neural and behavioral representations was again found solely in IPS [Jeong and Xu (2016) , their Fig. 4D ]. The authors interpret their results as collectively showing that task-relevant object identity information is represented dorsally, in IPS.
These results are particularly interesting in light of another recently published study (Hong et al., 2016) . Those authors showed that spatial properties of an object, such as the position, size, and pose, can be decoded from neural activity in macaque inferotemporal cortex (a part of the ventral stream), where representations are often thought to be invariant to spatial particulars. Similar findings have been reported by Schwarzlose et al. (2008) and Kravitz et al. (2010) . Combined with the study by Jeong and Xu (2016) , these studies present results opposite to the predictions of the two-stream model and render the what versus where dichotomy increasingly questionable.
The dorsal identity representations discovered by Jeong and Xu (2016) provide a richer picture of neural visual object processing, although the division of labor between dorsal and ventral pathways remains unclear. Differences in anatomical coverage, experimental design, stimuli, and task render their findings difficult to integrate with previous studies showing that facial identity information is present in ventral regions including FFA (Nestor et al., 2011; Anzellotti et al., 2014 ) and more anterior temporal regions (Kriegeskorte et al., 2007) . Jeong and Xu (2016) argue that the ventral face-identity information that these previous studies found may be due to low-level stimulus confounds, or that face-identity information may be present only in anterior temporal cortex, from which their MRI slice coverage precluded measurement. This will likely remain contentious until a study uses comprehensive anatomical coverage (including early visual cortex and the entire ventral and dorsal streams) combined with comprehensive exploration of the recorded areas (e.g., by searchlight analysis; Kriegeskorte et al., 2006) .
Beyond anatomical coverage, an important difference between the experimental design in the study by Jeong and Xu (2016) and those in previous studies, which can potentially explain the negative findings in ventral cortex by Jeong and Xu (2016) , is the use of an fMRI protocol with a block design. In a block design, images within a single-identity condition are presented sequentially, and a single multivoxel pattern is estimated for that identity, effectively averaging across individual images. Successive presentation has the benefit of increasing signal strength. However, the extraction of a single pattern within each block works only if the identityspecific component of the activity pattern survives after averaging across the variant components (e.g., position, background). That is, in block designs one assumes that pattern information related to identity combines additively with pattern information relating to nonidentity attributes. If the neural code has, instead, a more complex format, where individual neurons encode conjunctions of identity and other attributes [as Hong et al. (2016) suggest], averaging across images would destroy much identity-specific information. An event-related design with single-image level analyses would be sensitive to both types of identity information.
To avoid low-level confounds (e.g., viewpoint, size, or shape), Jeong and Xu (2016) used widely varying photographs of each face and car identity. However, even in this stimulus set, spatial frequency distributions were somewhat predictive of identity as assessed by a linear classifier trained by the authors to classify images based on their spatial frequency profiles. The authors contend that the larger spatial frequency differences found for between-identity sets, compared with within-identity sets, cannot explain their main finding (lower fMRI pattern correlation for the former). They argue that those spatial frequency differences are unlikely to have driven the effects in IPS, since they had no measurable effect on responses in the "sensory regions" LO and FFA (these regions showed similar withinidentity and between-identity correlations). This argument implicitly assumes that ventral visual regions are sensitive to a wide range of low-level image features, and that if they fail to encode differences in a particular lowlevel feature (spatial frequency), these differences will not be encoded by other regions either. The authors provide support for the first part of this argument. They compared the correlations of responses across odd and even runs within the same set of images with those between different image sets depicting the same identity. Regions sensitive to lowlevel image features should show higher within-set than between-set correlation. This was indeed found for ventral regions LO, FFA, PPA, and VWFA, but not for IPS [Jeong and Xu (2016) , their Fig. 6 ]. However, the second part of the argument rests on an assumption. The fact that ventral regions were not sensitive to identity-related spatial frequency differences does not exclude the possibility that identity effects in IPS were driven by these differences. Besides, it has been previously shown that fMRI signals in response to faces in parietal cortex can be modulated by spatial frequency content (Vuilleumier et al., 2003) . Jeong and Xu (2016) highlight the role of IPS in visual short-term memory (VSTM). Given the diversity of tasks used in previous studies [image-anomalydetection (Kriegeskorte et al., 2007) ; identification (Nestor et al., 2011) ; target vs nontarget categorization (Anzellotti et al., 2014) ], it will be interesting for future studies to clarify the extent to which IPS results reflect VSTM content. Specifically, the information decoded in IPS may be a visual search template of the frequently presented identity, which is mentally formed by participants during each block as they searched for the oddball stimulus.
Finally, given that human fMRI studies have found increased IPS activity during spatial attention and eye movements (Müri et al., 1996; Corbetta et al., 1998) , future studies should also carefully rule out the possibility that these could have partially driven the IPS results. Systematic differences in saccade distribution or spatial attention might occur if, for example, different individuals carry identity-diagnostic information in different facial features. The results of the study by Jeong and Xu (2016) highlight a need for future studies of visual object representation to extensively explore both dorsal and ventral regions, use tight stimulus controls, and explore the effects of different cognitive tasks within a stimulus set. Comprehensive surveys of this kind are crucial to understand how the primate brain accomplishes object recognition.
